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PROTOTYPE MEMORY SYSTEM 


by 

E, 8, Conontino, R. H, Mo/, rich, E, M, Nnglo, 

W. 0, Stewart, nnd E. H, Wendt 
RCA Eaboratorion 
Prince Ion, Now Jersey 08540 

SUMMARY 

This report describes the design, development, and implementation of a prototype, partially 
populated, 10 6 -bit read-write holographie memory system using state-of-the-art components. The 
system employs an argon ion luser, acoustooptic beam deflectors, a holographic beam splitter 
(hololens), u nematic liquid crystal page composer, a photoeonductor-thermoplnstic erasable 
storage medium, a silicon PIN photodiode array, with lenses and electronics of both conventional 
und custom design. Operation of the prototype memory system has been successfully demon- 
strated. Careful attention is given to the analysis from which the design criteria were developed. 
Specifications for the major components are listed, along with the details of their construction 
and performance. The primary conclusion resulting from this program is that the basic principles 
of read-write holographic memory system are well understood and are reducible to practice. 
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I. INTRODUCTION 


Thin report describes the design, development, and implementation of n prototype 10^- 
hit holographic memory system. Tho principal purpose of the project was to determine that the 
basic concepts underlying Inrgo-eapneity read-write holographic memories am realistic nnd real- 
inublo. Hincc praetleal light valve arrays and reversible ntorngo media capahle of operating in sul> 
inillinecond cycle times with existing lasers remain to he developed, a eomplele nyntem of non- 
trivial size that in eupublo of operating at realintle npeedn an a computer memory cannot he built 
at preHont. Tho alternative approach taken here in to ignore the npeed requirements for the 
moment, and to develop u nyntem with tho bent prenentiy realizable eomponentn, l he original 
denign employed a Q-switchod ruby luner, a fwoalinu'iiHiuiiul ucoustooptic deflector, u litjultl 
crystal page componer, a manganese-bismuth erasable mugneto-optie storage medium, and a silicon 
photodiode detector array. Experimental difficulties with the ruby luser led to the substitution 
of an argon ion laser and a photoconductor-thermoplastic storage medium. 

With the exception of laser power requirements, design of the system optics is esscntiully 
independent of the speed requirement. Following a brief description of the memory system, this 
report details the design analysis and then gives a complete description of each major system 
component. 

The organization specified for the memory Bystem is that there be space in the storage 
medium for at least 1024 holograms, each of which can store 1024 bits (one page) of informa- 
tion. To provide an extra margin of immunity to image fluctuations from a variety of possible 
sources, each bit of information in the image of a given page is associated with two diagonally 
adjacent resolvable spots, A and B. The condition A on and B off represents a binary "0”, A 
off and B on represents a binary “1”; the two remaining combinations where A and B are simul- 
taneously off or on are not used as inputs and represent an error condition if detected. 

The memory system is partially populated in a manner which permits a realistic assessment 
of the performance of a fully populated system. The page composer is fully populated so that 
each page written into and read from a hologram contains the full 2048 resolvable points repre- 
senting 1024 bits in a page. The deflection system has the full resolution for addressing any 
one of 1024 holograms. Only 48 ox the possible hologram locations are active - 16 in locations 
near the center of the array and 32 around the periphery. There are five separated groups con- 
taining four nearest neighbors so that full density in local areas at the center and boundaries is 
included. The photodetector array contains 20 diodes for sensing 10 of the 1024 bits in each 
image. These are divided among an adjacent bit pair at the center of the image and four bit 
pairs around the periphery of the image. 

o 2 

Other criteria are that the information packing density be reasonably high (> 10 bits/mm ), 
that light utilization be efficient, and that the basic design be capable of extension to larger 
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aizofi unci higher capacities, Figure 1 in lop-view sketch of the holographic optical ayatom layout 
lideeleil fitr the system, The retnuhuler of this section summarizes the fmietion of (he components, 
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Figure 1. Holographic optioul system. 


The light input to the system is u small collimated and polarized laser beam which intercepts 
the hololens at a fixed angle, 4b° here. The point of intersection is selected by a deflection sys- 
tem, not shown, which is capable of displac.ng the beam parallel to itself both horizontally and 
vertically in fixed increments. Each possible position of the beam will ultimately result in the 
illumination of a single hologram location on the erasable storage medium. The hololens con- 
sists of an area array of permanently prerecorded holograms, one for each page of memory 
capacity. Light diffracted by the hololens, when polarized parallel to the transmission axis of 
the sheet polarizer, passes through the object beam lens to illuminate the light valves of the page 
composer. The object beam lens projects an image of the illuminated hololens area onto the 
storage medium. Thus, the object beam light from the page composer strikes the storage medium 
only at the location where a hologram is to be written. The page composer is a two-dimensional 
array of light valves. The transmission of each light valve, is controlled by electrical signals which 
compose the page of information to be recorded in a hologram on the storage medium. Since 
the active area of the page composer containing the light valve array is the aperture stop for the 
object beam lens, the array has an approximately circular boundary in order to minimize the 
required lens diameter. 

The zero-order component of the collimated input light beam, which is not diffracted by 
the hololens but is transmitted without deviation, is folded by a 90" roof prism and arrives at 
the storage medium at a horizontal offset angle of 46°. This beam is used as the reference wave 
for recording holograms on the storage medium. Two reflections inside the prism produce in- 
version of the horizontal and vertical positions of the reference beam which match the inverted 
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iniatf" of l In* hololens produced liy the olijeel beam Ians, Thus, olijeel and refeienee Imams nra 
euineidenl on ilia storage rnadium for any poinl of incidence of (ha intml beam on Ilia hololens. 


H(.ora((a inailimn holograms ara read out by rotating <•»* I'lwm polariznlion of Ilia input, 
haatn hy ‘.HI", IlilTraeled light from Ilia hololeiu. In Mucked hy Ilia sheet polariv.er, no that only 
tin' reference wava ilhuninalati Ilia selected hologram on the storage inadiuin, Ilia paaoimli’tialad 
wavefront represents a virtual linage of tha page aoinpoiiar in *'ia at at a n* to iismlsslou whUh 
aNinlad during Ilia recording of tha hologram, Thin image la projected a. imiiy mugntficitlion onto 
Ilia photodataator array hy tha raadout lann; il In diffraction limilad hy Ilia aitiall aperture of ilia 
nini-la hologram which in raad out at any |(ivan lima, Silica there aim ha no vlgnelling of Ilia 
iinauc ruya from any of tha holograms arrayed on tha morale uiadium, Ilia aaliva storage rnadium 
area I'ormn Ilia apartura stop for the readout lann. Tha houndary of thin urea in also made up 
proximately circular. The phutodetoetor array aoutuiiui u photosensitive diode at each locution 
where the imago of a puna componar light vulva cun uppeur. The information output ol tin* 
system consists of the resulting claatricul signuls. 

In summary, the principal advantages of the present optical configuration arc 


(a) Storage medium holograms ol’ high packing density arc ’ "'d in ui .-jurier trims 

form plane of the page composer. 

(b) Use of the hololens provides deflection for the object beam with efficient light utiliza- 
tion for writing. 


(e) Local big the page composer and erasable storage medium adjacent to Lie imaging 
lenses minimizes the lens diameters for given focal lengths and memory capacity. 


(d) Use of the same reference beam incidence angles for botn writing and reading permits 
alignment of the photodetector array without recording holograms. 


The principal disadvantages are; 

(a) The object illumination must be blocked during readout. 

(b) Different Increments cf horizontal and vertical displacement of the deflected input 
beams arriving obliquely ut the hololens must be provided. 


H. OPTICAL HYHTKM DKSKiN 


A specification of parameters such ns size or spacing for one component in the optical »y«- 
tom usually dictates requirements for other components. In this section, some of the important 
relationships among the components are analyzed. Simplifying approximations and empirical 
mensuren :nts arc used freely. ' ■ purpose is to provide a semiqunntitative basis for evaluating 

tradeoffs in arriving ut u final design. 


A. Deflector Resolution 

The number of resolvable positions N in one dimension that is obtained from an acousto- 
optic deflector cell is given by 

N = A0/A0 (1) 

where a 0 is the angular range over which the incident laser beam can be deflected (assuming 
small deflection angles), and a </> is the incremental angular spacing between the central rays of 
two adjacent deflected beams. The far-field diffraction pattern, appearing in the back focal 
plane of a lens, contains the spatially resolved light spots. The angular range depends on the 
frequency range of the acoustic waves, the light wavelength X, and other constants. The allow- 
able angular spacing a 0 depends on the amount of diffraction spreading of the light due to the 
finite diameter D of the cell’s optical aperture, and the amount of overlapping of spots which 
can be tolerated. Since the diffraction spread is proportional to X/D, let 

a <t> = a X/D, (2) 

where the constant of proportionality a is chosen according to the desired resolution criterion. 
For a uniformly illuminated aperture and an effective Rayleigh resolution criterion in which 
spots are considered resolved when the maximum of one spot falls on the first minimum of the 
neighboring spot, a - 1.22 and 

N( Rayleigh! = a 0 D/1.22X (3) 

Since the input laser beam has an inherent Gaussian intensity profile through ita cross sec- 
tion, only 37% of the light power can be utilized in forming a perfectly uniform beam. If a 
sufficiently small-diameter Gaussian beam is used such that substantially no light is blocked by 
the cell aperture, the increased diffraction spreading reduces the number of spots resolved ac- 
cording to a given criterion and for a fixed aperture size. A useful compromise for optimizing 
light throughput and resolution is to expand the laser beam so that the cell aperture truncates 
the* laser beam at its 1/e^ intensity radius. This allows 86% of the laser beam through the 
aperture, and increases the diffraction spreading to approximately 1.4 times the value obtained 
with no truncation of the same size Gaussian beam. Let a/j represent the angular spread over 
which the output beam drops from its central maximum to 1 /e of this intensity value. It can 
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he shown 1-hut 


(j - 0.072 x/n 

Kor n resolution criterion that ifies the separation between centers of neighboring spots bo 

k ti nu's l< , 

</. - 0.678 kX/11 < r »> 

and 

% 

a(k) - 0.072 k «») 

Therefore, for a given 0 and D, the number of resolvable spots N k aeeording to the above 
criterion can be expressed in terms of the number resolved by the Rayleigh criterion: 

N k = N(ttayleigh) X 1.82/k (7) 

It can be seen that as k increases, the Rayleigh resolution of the deflector must increase in order 
to obtain a given number of spots resolved by the k criterion. 

B. Reference Beam Spreading 

A major influence on image contrast arises from the partial illumination of neighboring 
holograms on the storage medium during readout of a particular addressed hologram. The refer- 
ence beam (and the object beam) must have sufficient extent to properly expose the storage 
medium during writing to produce a hologram of the desired diameter. During readout, when 
the reference beam is centered on the addressed hologram, the total light flux onto the neighbor- 
ing holograms must be significantly less than on the selected hologram. Illumination of the de- 
flector aperture with a Gaussian beam profile which is truncated at the 1/e^ intensity radius 
results in a deflected beam profile that is very nearly Gaussian in the main lobe. This profile is 
therefore approximated by the expression 



where r is the radial coordinate in the storage medium plane, centered at the addressed holo- 
gram, and r Q is the radius at which the intensity falls to 1/e times the central intensity Iq. 

Assume that the efficiency with which the image of each data spot is reconstructed at the 
pholoeonduetor is the same for each hologram in the array. The images from neighboring holo- 
grams that are partially illuminated are derived from the same coherent wavefronts of the refer- 
ence beam that produce the desired image. The images from the neighboring holograms arrive 
at the photodctcctors at slightly different angles, however, and produce spatial interference pat- 
terns whose periods uro smaller than each photodetector. The result is that it is necessary to 
add the respective intensities of the illumination from neighboring holograms, rather than the 
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amplitudes, because of the spatial integration which occurs over the area of each photodetertor. 
The question of interest, is thus reduced to consideration of the light flux on the addressed holo- 
gram compared with the total from all the neighbors. 

Define F ft as the fraction of the total light flux in the reference henm which falls within 
the boundary of the addressed hologram. Similarly, P R is the total light flux on neighboring 
holograms, expressed as a fraetion of the total incident flux. The minimum contrast ( r in the 
image due to readout beam spreading is 

f! a F IF (^ 

'-'r r a' n 


For square holograms of width h, in a two-dimensional square array with center-to-center spacing 
sj,, define the one-dimensional packing factor t? ^ as 


r? h “ h/s h 


( 10 ) 


The quantity k is given by 

k = 8 h/ r o 


(U) 


Figure 2 is a graph of the results of a numerical computation of the dependence of C r on f?h for 
various values of k. Figure 3 plots the dependence of F a on these parameters. Whereas F a in- 
creases as both r? h and k increase, C r increases with decreasing 7? h and increasing k. Using circu- 
lar holograms of diameter h is equivalent to reducing j?h b y a 8ma ^ amount * n tbese calculations. 
Further discussion of the choice of parameter values will appear in a later section. 

C. Image Resolution 

Consider the diffraction spreading in the image caused by a finite hologram diameter h. 

The page composer is illuminated by coherent light of wavelength X which is converging to a 
point in the Fourier transform plane at an axial distance z from the page composer. Page com- 
poser light valves of diameter p form a periodic array with center-to-center spacings of Sp. Over 
80% of the light transmitted by the page composer appears in a circle of diameter d A in the 
Fourier plane; this is the size of the central disc in the Airy diffraction pattern of one light valve. 

d A “ 2.44 Xz/p 

Experimental measurements were used to determine the dependence of diffraction-limited imuge 
contrast on the quantities 

a ~ h/d A (12) 


and 


n 


P 


P/ 8 p 


(14) 
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1000 



Figure 2. Worst-case image contrast due to reference beam spreading as a function of 
hologram size and spacing. 

A sketch of the experimental setup is shown in Fig. 4. Collimated laser light is incident on 
a metal mask with periodic apertures which simulate the elements of the page composer. In the 
back focal plane of the lens, the light intensity distribution is the Fourier power spectrum of the 
amplitude transmittance of the page composer mask — this is the plane in which a hologram 
would be formed to give maximum information density. In this arrangement, the effective value 
of z is the lens focal length f. Further down the light path is the real image of the page com- 
poser projected by the lens, given by the condition xx' a f^. A circular aperture representing 
the hologram aperture was placed in the Fourier transform plane to transmit only the light wave- 
fronts which could be reconstructed from a hologram of the same size. A photodetector was 
placed in the image plane with an entrance aperture equal in size to that of the projected image 
<4 one page composer element. 

In the experiments, measurements were made of the light flux collected by the photodetec- 
tor in the image of one opaque page composer element surrounded by all transparent elements, 
and the light flux in the image of an adjacent transparent page composer element. The ratio of 
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Figure 3. Fraction of reference beam light flux on addressed hologram as a function of 
' hologram size and spacing. 


light in the image of a transparent element to that in the opaque element is called the diffraction' 
limited contrast C^; it was determined for a range of values of a and r? p . Ratios as high as 4 x 
10 4 could be measured without serious error from flare light in the system. The results may be 
applied to a system with other scaling factors such as lens focal length, magnification, page com- 
poser size, etc., by maintaining the same ratio a between hologram aperture diameter and the 
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Figure 4. Experimental setup to measure diffraction -limited contrast. 
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diameter of the centra I Airy dine in the Fourier transform (for-field diffraction putlorn) of a 
single page composer element, A portion of the experimental data in Hated in Table I below, 


Table I 

Experimentally Measured Values of Diffraction-Limited Contrast C^ as a 

Function of a and r; p , 


''N. a 

1.7 

1.5 

1.4 

1.2 

1.0 

0.8 

0.65 

0.5 

0.40 

10,700 

3980 

1430 

1070 

16,000 

2640 

415 

111 

0.50 

2210 

3240 

872 

2440 

2600 

1730 

420 

2880 

0.67 

711 

600 

814 

425 

1920 

179 

260 

2 M 

0.75 

-- 

-- 

- 

206 

1030 

100 

4 .7 

~ 


The fluctuation of C d as a varies is a real effect caused by the abrupt boundary of the holo- 
gram aperture in the experiments. Note that is greater than 10^ over a ±20% variation in holo- 
gram diameter around the value a = 1 for all the experimental values of ?? p . 

An additional insensitivity to the effects of diffraction spreading is built into the geometrical 
arrangement of image points which constitute an information bit. Diagonally adjacent pairs of de- 
tectors represent a single information bit; the pairing of neighboring spots into bits is such that the 
spillover light, from any valid combination of information states in the neighboring spots, falls equally 
on the two detectors. The desired information forms a difference mode signal, while the noise due 
to diffraction spreading becomes common mode. The effective contrast from diffraction spreading 
becomes the product of as measured for single spot detection and the common mode rejection 
ratio of the detector electronics. Defects which alter the effective hologram aperture into a uon- 
symmetric shape, however, will tend to degrade the contrast in both factors. Since the value of r? p 
influences other parameters in the design, discussion of the final choice is deferred to a later section. 

D. Other Considerations 

Another aspect of image contrast to be considered is the extinction ratio required of the sheet 
polarizer used to block the object illumination during readout. The sheet is aligned to transmit 
the vertically polarized object illumination during writing; the intensity transmittance is mj. Trans- 
mittance of the horizontally polarized object illumination during readout is m 2 , where m 2 ^ mi* If 
the light flux from one page composer bit is F c at the hologram during writing, then the flux into 
the image of a bit due to unextinguished direct object illumination is F () rm 2 /m 1 , where t is the in- 
tensity transmittance of the storage medium. The light flux in the image of a bit reconstructed from 
the stored hologram is the product of the reference beam flux F u , and the efficiency e per bit. 

Define 


K - F a /F 0 


(15) 
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und note that the reference heam flux at tho hologram in the name for both reading and writing, 

Thu contrast C p is tho ratio of the flux in the readout imago of a hit to the flux from unoxtinguinhed 
direct object illumination, 

C p " Kemj/rmg 

Intcrmodulation distortion, in Fourier-transform hologram images of u periodic object such as 
the page composer, reduces contrast by producing secondary images of an illuminated spot at the 
primary imugc locations of other page composer elements. The effect occurs when tho reconstructed 
wave amplitude is not linearly proportional to the object wave amplitude used in recording the holo- 
gram. Spatial fluctuations of the object beam amplitude which are sufficiently large to exceed the 
linear dynamic range of the recording medium produce a recorded nonlinearity. Pseudo-random 
phase plates which uniformly shift the phase of the optical wavefront from each page composer 
element greatly reduce the spatial fluctuations. An alternative is to use diffuse illumination of the 
page composer at the expense of introducing speckle noise in the image from a high-density hologram. 
Nonlinear distortion is also inherent in the reconstruction of linearly recorded phase holograms of 
high efficiency; however, this effect is essentially negligible for peak diffraction efficiencies less than 
approximately 10%. 

E. Storage Capacity 

This portion of the analysis defines the influence of storage capacity ou the design parameters. 
The following quantities are defined: 

number of page composer elements 
number of holograms in the storage medium 

diameter of one page composer element 
diameter of one hologram in the storage medium 
center-to-center spacing of page composer elements 

center-to-center spacing of holograms 

spatial one-dimensional duty factor of the page composer = p/s p 
spatial one-dimensional duty factor of the hologram array - h/s^ 
required area of the page composer, including space between elements 

required area of the storage medium, including space between holograms 
diameter of the circle superscribed around the required page composer area 


N P 

N s 

P 

h 

sp 

8 h 

*»h 
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s - diameter of the circle superscribed around the -equirod storage medium area 

* „ wavelength of light lined for writing and reading 

f ... focal length of object beam and readout image lenses 

/, „ axial distance from page composer to storage medium 

(( _ ratio of hologram diameter h to the diameter of the central Airy dine in the 

Fourier transform pattern of one page composer element 

I! _ effective f/number of the imaging lens system z/P 

Since the page composer elements and the storage medium holograms each form a square array , 


A P - Npoy 2 - N p(p/ip) 2 
A„ - N,(S h ) 2 - N,<h/„ 8 ) 2 

The hologram diameter is a times the diameter of the Airy disc of a page composer element, 
h = 2.44aXz/p 

Combining Eqs. (17), (18), and (19) gives 

A p A s = N p N h (2.44a7kz/r? p rj h ) 2 


(17) 

(18) 


(19) 


(20) 


Choosing the boundaries around the page composer elements and the storage medium hologram 
array to be octagonal rather than square gives 


A p » V2 > 2 


( 21 ) 


and 

A s = vTs 2 < 22 > 

Combining Eqs. (21) and (22) with (20) gives 

2p2g2 = N p Nj 1 (2.44oXz/n p nh) 2 < 23 ) 

F. Specifications 

To fix the design of the optical system requires numerical specification of eight quantities: 
hologram diameter and spacing, light valve diameter and spacing, wavelength, axial separation be- 
tween page composer and storage medium, resolution criterion for deflector, and photodetector 
diode diameter. To maximize the readout light, the diameter of the photodeteetor is chosen to 
equal the diameter of a page composer light valve. In order to obtain identical specifications for 
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focal length and aperture of the object beam lemi and the readout lent., the page composer diameter 
p in Ki>t equal to the storage medium diameter S. Thin choice alno minimised the range of angles ovt»r 
which the object bourn id incident on the storage medium, The 1024 holograms in the dtorage medium 
are arranged an a 30 x 30 square array with the corners truncated to give an octogonul boundary, 
requiring a deflector rodolution of 30 positions in each diminution Instead of 32, The remaining 
parameter vidues were chosen to give reasonable trade-offs between image contrast on the one hand, 
and practical size and cost on the other bund, 

Table II lists the resulting specifications. The initial design was for a ruby laser system incorpor- 
ating a MnBi storage medium. The specific Curie-point writing characteristics of the MttBi limit the 
information recording density and are an important consideration in this design A calculated worst- 
case image contrast of approximately 6:1 results in equal parts from reference beam spreading and 
from the 100:1 polarization extinction ratio in the object beam. Construction of the system com- 
ponents was begun on the basis of this initial design. 


Table II 

Design and Performance Specifications 


Parameter 

Initial Design 

Final Design 

X (nm) 

694.3 

488.0 

a 

1 

2.3 

k 

2 

2 

z (mm) 

356 

356 

# 

5 

6 

h (mm) 

0.64 

1.0 

s h (mm) 

1.9 

1.6 


0.33 

0.64 

S (mm) 

71 

68 

p (mm) 

0.97 

0.97 

s p (mm) 

1.3 

1.3 


0.75 

0.75 

P (mm) 

71 

71 

N( Rayleigh) 

40 

40 

e 

10-4 

10“ 2 

K 

10 2 

10 

T 

0.1 

1 

mi/Mfc 

100 

100 

c d 

10 3 

> 10 4 

c r 

10 

6 

C P 

10 

10 
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'I'li,, final denign renulted from u deeinion to ohange to an argon laser and 11 photuennduetor- 
thormoplastie ntorugo medium. tfinoo the uvuilahlo hologram diameter in determined by tho size of 
ii roslntnneo heater in I, ho photoeonduetor-thermoplastie dovlon, a higher packing density of hulu- 
Knimn on Urn storage modium in nohlovahlo. Tho final design wan bawd for practical ronnonn on mini 
mizlnfl changes in I, ho components that worn already npooifiod in tho initial design; tlm doflootor 
oolln, pane oomponor size, and lonn fooal lengths urn loft unchanged. Since tho aotivo storage medium 
diameler in nmaller than in the initial denial, and the holograms are larger than neeonnary for dif- 
fraction-limited Imaging, the final design in not optimum. A woven- to eight-fold inereano in the 
number of page oomponor elements would be allowable under the image eontrant eonntraintn uned 

in the initial design. 


M 


111. I.AHKR BEAM DKPLK(’T10N HYHTKM 


A, Deflector Colls 

Tint holographic optical system design requires that t he deflector colls resolve Mr. positions 
with the center of nn adjacent spot falling at twice tint o" 1 Intensity radius of an addressed spot, 

Tin* cells aro illuminated with nn expanded and collimated lunar beum which in truncated at. (lie o" M 
in), ('unity radius by the cell aperture. These requirements arc equivalent to specifying a call capable 
of resolving 40 positions according to tire usual Ruyloigh criterion for uniform incident illumination. 
Two lead molybdate deflector coIIb (lsomet (lorporution, modified model 110] ), having a specified 
maximum Rayleigh resolution of 42 positions, and associated drivers were purchased. Other speci- 
fications are (a) bandwidth - 29 MHz centered at 91 Mil/., (b) angular defleetion range across band- 
width - 4 millirudiuns, (e) diffraction efficiency per cell across bandwidth - 60%, (d) access time 
1.75 pace, (e) optical aperture 6.3 mm, and (f) spot position accuracy - 1/8 spot separation at 20% 
operating duty cycle. 

B. Deflector Telescope 

The laser beam, which may be deflected over an angular range a 0 of 4 x 10“^ radian by the de- 
flector cell, is to be converted by a lens system into small collimated beams parallel to the optical 
axis which can span the 5 5 -mm width of the active areas of the hololens and storage medium. 
Placement of the deflector cell in the front focal plane of a lens system with an effective focal length 
f* provides, in the back focal plane, a span y given by 

y * f'A0 (24) 

for small values of angular range. This requires f' to be 13.7 m. With the given deflector cell aper- 
ture and this focal length, the diameter of the output beam changes less than 5% over an axial dis- 
tance of 2 m centered on the output plane. Thus, the deflected beams are parallel and effectively 
collimated at the hololens plane and the storage medium plane, which are separated by an axial 
distance of 1 m. 

Shifting the deflector cell axially away from the front focal plane of the lens affects the paral- 
lelism of the deflected beams arriving at the back focal plane; the deviation from normal incidence 
of the arriving beams is greatest at the extremes of the angular range, and is zero at the center of the 
angular range. It can be shown for an axial translation d of the deflector cell from the front focal 
plane, that the beam leaving the deflector cell at an angle </> measured from the center of the angular 
deflection range will arrive at an angle S 

b ~ d<p/t' (25) 

in the back focal plane, but at the same position in the plane us when d is zero. Our requirement is 
that a deflected beam arriving at a point on the hololens arrive at the equivalent point obtained by 
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parallel projection onto the storugo medium wilh on error ohm mow Uiun one-fnurth I hi* diameter 
of mi(i hologram, Using the design values of l*mm hologram diameter and 1-m axial *liol nn«*«* be- 
tween hololens and storage medium, (lie maximum allowable angular deviation '• max parallelism 
in 

Suns " (,,:51 ' * l,r '* mtl,an 


SulmUtuilng Ih la value ultMiff with * tt x 10' a radian and tin- value of l" (liven Urn maximum allow 
aide axial displacement d )|ll(S of the deflector eell from the Iron) local plane ol the lenn: 


d 


max 


max 


f '/</' - 1.7 m 


CIV) 


This coinl'ortahly largo tolerance results primurily from the small range of deflection angles involved, 

The system of three lenses spaced as shown in Fig. B is equivalent to a single lens having an ef- 
fective focal length of f 3 fg/? 4 ; the distance between front and buck focal planes is 2(fj + f«j 1 lyh 


BACK 

FRONT FOCAL PLANE 



Figure 5. Compact lens system. 

For a given effective focal length, this distance is minimized by choosing f 3 - fg, and making f 4 as 
small as possible. In the back focal plane of lens 3 is the far-field diffraction pattern of the deflector 
cell as previously discussed. The size of the pattern is too small to be used directly since f 3 alone is 
much smaller than the required effective focal length. The back focal piano of lens 4 contains an 
image of the deflector cell with the transverse dimensions magnified by the ratio f 4 /f 3 (much less 
than unity), but with all beam angles magnified by f«j/f 4 . Lens 5 produces in its back focal plane the 
far- field diffraction patterns of the image located in its front focul plane. Equivalently, the pattern 
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nt the buck focal plane ».f lean 5 in an image of the diffract ion pall crn in t he hack l’ocal plane of lens 
!l, magnified in lmnnvnrm» dimensions l>y the ratio f(j/f,j (greater than unity I, and with imam angles 
magnified hy f,|/f B . Thin system has t he name tolerance to axial displaremnuts from I he input and 
output planca no calculated for the single lean to which it in equivalent-, 


The memory system design requires that flu hololena and storage medium planetihe Inclined at 
an angle of .16" in the horizontal plane to the parallel heums nrrivitiK from the deflection syslem. The 
total lateral npan, x, for the x-axis deflector, and the effective focal length of the optical system in the 
horizontal dimension muni Ik- smaller than the valueit for the vertical dimennlon hy the faetnr eon ( Hi |, 
The resolution of the x 'deflector numf lie the name an the y-defleetor, however, The effective I’o il 
lenath of the lens system for horizontal deflection from Kq. (24) in 


x '• yeos(4fi") ■ f^ '0 


(28) 


or 

1’^ n 9,7 m 

A lens configuration which satisfies the requirements is sketched in Fig. 6, The expanded laser 
beams first enter the y-defleetor cell, which produces vertical deflection with u 4 X 10" 3 radian angu- 
lar range. Lens 1 and lens 2 are cylindrical lenses with refractive power only In the vertical dimension. 
The cylindrical telescope images the aperture of the y-defleetor cell onto the x-deflector cell with a 


BACK FOCAL 
PLANE 


LASER BEAM 



DEFLECTOR LI 
CELL 




L2 L3 

DEFLECTOR 
CELL 



POSITION 36 
POSITION I 


Figure 6. Deflector lens system. 

transverse magnification of f 2 /f 1 , and an angular range magnification of f 1 /f 2 = 1.41. The diffrac- 
tion spreading in the horizontal direction between the two colls is negligible. The deflected beams 
exiting from the x-deflector cell have a horizontal angular range of 4 X 10“ 3 radian; the effective 
center of deflection for both dimensions lies at the x-deflector cell. A throe-lens spherical telescope 
with an effective focal length of 9.7 m thus provides the proper rectangular format of deflected, 
collimated beams near the back focal plane of the system. 




Piuiign values chosen for t he deflector optics arm 

ft (cylinder) - 141.4 mm 

fo (cylinder) 100 mm 

f,, 00(1 mm 

♦ I 

f t 10.7 mm 

r fi MOO mm 

iiM mill l,n have a relative upotM tm> of f/fi and arc corrected lor spherical aberration, Lemma 
Ll, |,0, and LI are of planoconvex lilinple form, stopped down to relative aperture valneti Irom l/K* 
pi f/ep *|'| u , UV (<mll axial separation from the first del’leetor eell to the output plane in 1 ,0 m, 

(’, Lie flee tor Performance 

Tlie overall effieieuey of the de flee tor teleHeope, ineluding the initial beam expander and truneu- 
(ion aperture, in 70L' , The effieieui’y of the cascaded deflector cells aliove, when operated at nominal 
drive power, in 20',', Striatums of inhomogeneous refractive index in the lead molybdate crystals 
produce the most serious limitation to deflector performance. These imperfections produce wavefront 
aberrations of greater tlum one-half wave and distort the fur-field diffraction pattern of a deflected 
upot. 

Figure 7(a) shows an enlarged photograph of the light distribution in the output plane of the de- 
flector telescope when the deflector cells are removed. This distribution, for which the central disc is 
overexposed here, is the diffraction pattern resulting from the truncation aperture. Figure 7(b) is a 
phot ograph of the output plane with the same exposure as (a), after the deflector cells are inserted. 
The central lobe is distorted, the side lobes are much stronger, and the strlations produce additional 
preferential scattering in the horizontal and vertical directions. Measurements show that the aberra- 
tions alone spread the light distribution to approximately 1.5 times the intended extent. Thus, there 
is relatively less light flux at the addressed hologram and more spillover light at the neighboring holo- 
grams. Figure 7(c) is a photograph of the output plane, without overexposure, showing the deflected 
spots resulting from scanning all combinations of positions 1, 13, 18, 19, 24, 35, and 36 for x- and 

y -deflection. With the exception of 16 spots, 4 in each corner, this pattern represents the spatial loca- 
tions of the 48 active hologrums in the storage medium. 
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(c) 

Figure 7. Output plane of deflector telescope, 1:1 scale. 

(a) Without deflector cells; central spot is overexposed, (b) With deflector cells; 
same exposure as (a), (c) Scanning all position!, sequentially; normal exposure. 
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IV, OTHER OPTICAL COMPONENTS 


A. Hololens 

The hololens is an array of permanent phase holograms which servos as the beam splitter for re- 
cording holograms in the erasable storage medium, Diffracted light from the hololens is used to il- 
luminate all the light valves of the page composer. The hololens holograms represent blank pages of 
information; these holograms are copied onto the erasable storage medium with the page composer 
providing the desired information pattern. 

Simultaneous recording of the entire hololens array is accomplished with the geometry sketched 
in Fig. S. The page composer mask is a metal sheet with dear openings etched in the locations of the 



UNIFORM 

ILLUMINATION 


Figure 8. Hololens recording geometry. 

page composer light valves. A random phase plate is also included with the mask to uniformly shift 
the phase of each aperture according to a computer-generated pseudo-random sequence. Randomiza- 
tion of the phases ensures a sufficiently uniform spatial distribution of object illumination at the holo- 
grams. The optical element denoted as the scatterer is imaged by the lens onto the sensitized dichromated 
gelatin plate which will become the hololens array. Uniform illumination of the page composer mask 
must be provided by each discrete scatterer point that is imaged onto a hologram location in the holo- 
lens array. One such point is depicted in the figure. A uniform collimated beam incident at 46° to 
the sensitized plate provides the reference wave for simultaneously recording the entire hololens array. 

In order to provide uniform, spatially coherent illumination of the page composer, the scatterer 
consists of a multiple lens array. Focussed spots of light, one for each lenslet of the scatterer, are 
simultaneously imaged onto the sensitized plate at each point where a hologram is to be recorded. 

Molded plastic lens arrays would appear to be ideally suited for this purpose. Our observations have 
shown, however, that the surface finish of such arrays is generally too poor to give a uniform cone of 



illumination with coherent light. Tin* results shown hero arc obtained with individually selected 
and mounted simple glass lennop. Figure 9(a) is a photographic imago of the page eompopor maak 





Figure 9. (a) Image of page composer mask, illuminated by one lenslet, as seen through 

1-mm hologram aperture, (b) Object illumination of one hologram in hololens array. 

taken through the 1-mm aperture of one hologram in the hololens plane. The opaque aperture near 
the center is deliberately introduced. The illuminating lenslet in this case has a slight cosmetic defect 
which projects a faint shadow onto the page composer mask. Figure 9(b) shows the object beam il- 
lumination in the hololens plane, to a different scale, which is mixed with the reference wave to form 
the hololens hologram. During operation of the memory system, a pattern of identical geometrical 
shape and size is projected by the object beam lens onto the erasable storage medium to record the 
page composer information. 
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It can he Keen in Fif?, 0(b) that, the ratio a of the nominal hologram width of 1 mm to the diam- 
eter of the central dim- of the object beam pattern in a« specified in the final design of the opth-al 
KyHtem, Since the hologram size is much larger than is required to resolve the image of the page compo- 
ser, the extra area can he used to provide* additional redundancy. I his is accomplished by imaging 
more than one point source onto each hologram area, Additional point source images are easily ob- 
tained by interposing crossed sinusoidal phase gratings between the multiple lens array and the page 
composer mask in Fig. 8. The result, shown in Figs. 10(a) and (h), is the addition of uniform structure' 
the image of each element, of the page composer mask, and the averaging out of cosmetic defects 


in 
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Figure 10. (a) Image of page composer mask, with redundancy added by a grating. 

(b) Corresponding object illumination (>*' one hologram in hololens array. 



in the illumination from the lenslels, There remain m Ki(?. 1 0(a) some low contrast interference bands 
caused by overlapping higher diffraction orders from separate lenslets, This effect is easily eliminated 
by alightly minting the crossed gratings in their own plane to remove the overlapping ordera. 


The large area available for recording each hologram on the hololens, and on the erttauble storage 
medium, also permits the use of diffuse illumination. The seutterer of Fig. 9 can he a plate of frosted 
glass in this ease. Figure 11 is an enlarged image ol tin- portion of the page composer mask surround- 
ing the central opaque element, taken through the 1 -mm hologram aperture with diffuse illumination. 



Figure 11. Image of page composer mask, diffusely illuminated, as seen through 1-mm 
hologram aperture . 

It can be seen that there are seven or eight resolvable points in the image of each page composer 
element. Although there are large fluctuations in intensity among the resolvable points, the light flux 
averaged over each page composer element is much more uniform. When the ratio a approaches unity, 
the number of resolvable points for each page composer element also approaches unity. The image in- 
tensity fluctuations would then be so severe as to rule out the use of diffuse illumination. 

The dichromated geiatin holograms were prepared from commercial photographic plates (Kodak 
649-F and High Resolution Plates) by first removing the light-sensitive silver salts to leave a layer of 
gelatin on glass, then sensitizing the gelatin in a dichromate solution, followed by development in 
water and alcohol after the holographic exposure. The precise steps, which are similar to those widely 
described in the literature, are listed below. 

Preparation: 

(1) Agitate for 5 minutes in Kodak Rapid Fixer with hardener, mixed as directed. 

(2) Rinse in flowing water for 1 0 minutes. 

(3) Dip briefly in 1:200 solution of Kodak Pholoflo 200 and water. 

(-1 ) Hang vertically to dry at least 24 hours. 


23 


Sensitization: 


( 1 ) Agitate for f> minutes in solution of 10U grams of ammonium diehromuto in 1 liter of 
water. Mix fresh solution every ft days, 

(2) Dip briefly in 1 :200 solution of Photoflo 200 and water. 

(3) Hang vertically to dry in darkened room for 2 hours. 

(4) Remove dehydrated crystallites of dichromate from buck of glass plate with damp 
towel. Paint back with fast-drying flat black paint to suppress reflections. Use red 
or yellow safelight. 

(5) Expose plates within approximately 12 hours. 

Development: 

(1) Develop for 5 minutes in solution of 5 grams of ammonium dichromate in 1 liter of 
water. 

(2) Place in standard solution of Kodak Rapid Fixer with hardener for 5 minutes. 

(3) Rinse in flowing water for 5 minutes. Then, place the holograms for 

(4) 1 minute in 1:200 solution of Photoflo 200, 

(5) 2 minutes in 60% isopropanol well mixed with water, 

(6) 2 minutes in 75% isopropanol and water solution, 

(7) 2 minutes in 90% isopropanol/water solution, and 

(8) 2 minutes in 100%. isopropanol bath, covered with plastic bag with dry nitrogen inlet. 

(9) Hang the plate vertically to dry above bath in dry nitrogen for 30 to 60 minutes. 

Filtered tap water is used, and all baths are maintained at room temperature. Typical exposures 
of 100 mJ/cm 2 , with a reference/object intensity ratio of 20:1, required 6 minutes to record over 
the 7-cm-diameter hololens area. Reproducibility is only fair in these circumstances. Hololens ar- 
rays were obtained in which the zero and first order outputs were 65% and 8%, respectively, of the 
incident beam intensity when aligned at the appropriate playout angle. This gives a hololens with an 
8:1 beam splitting ratio and an optical system efficiency of 73%. The remaining light is lost by sur- 
face reflections, scattering, and absorption. A sealed cover glass plate over the gelatin is necessary to 
prevent gradual loss of diffraction efficiency in environments of high relative humidity (> 70%). 
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H, Object nnd Readout Lenses 


Two compound imaging Uwm an- required for the holngraphie memory xyRUmi. Tim objeet 
beam lorn Imagna the hololens nrrny onto the storage medium. The page composer in placed an close 
iw possible to thin len« and serves us the effective aperture atop ol the lens. The readout lent, projet ts 
tho virtual image of the page composer, as reeon«trueted by wavefront* from the erasable hologram*, 
onto the photodeteetor array. The storage medium is located as close as possible to this lens and a so 
forms the effective uperature stop. Both lenses are required by the memory system resign to operate 
at unity magnification with identical focal lengths. Although a somewhat smaller aperture is require 
for the readout lens than for the object beam lens in the final design, identical design specifications 

were chosen. 


Specifications that were chosen for the imaging lenses are listed below with a brief discussion 
where necessary. The first six items follow directly from the final design specifications for the mem 
ory system given in Section 11 of this report. The last two items are tolerances on image quality. 


( 1 ) 


Wavelength — 488.0 nm, monochromatic. 


( 2 ) Magnification — 1:1. 

(3) Focal length - nominally 175 mm. Axial distance between image plane and aperture 
stop is 356 mm. 


(4) Object diameter — 71 mm. 

( 5 ) Image diameter — 71mm. 

(6) External aperture stop — 

(a) Diameter — 71 mm. 

(b) Location - At least 6 mm outside the end of the lens barrel on the image side. It 
is required that this aperture be fully and uniformly illuminated by any point in 
the object plane. 

This specification guarantees that the page composer can be fully illuminated by 
every hologram in the hololens array. Also, all readout image rays will reach the 
photodetector array from every hologram in the erasable storage medium. 

(7 ) Resolution - the image blur from any object point will be less than 0.2 mm in diameter. 
This specification for the object beam lens requires that all rays which would ideally 
arrive at one point on the storage medium must arrive within one-half the diameter of 
the main lobe of the diffraction pattern from one page composer element. This ensures 
that a substantial fraction of the light from all page composer elements illuminates the 
hologram area, rather than spreading over a larger area. For the readout lens, the speci- 
fication requires that the image shift from hologram to hologram be less than one-fourth 
the diameter of one page composer element. 


25 


(H) 


Distortion for any object point, the center of the imago oirelo will deviate no more 
than 0.3 mm from the corresponding undistorted image point. For the object henm lens, 
thifi specification ensures roafiunithly accurate overlap between the object beam and the 
reference beam for writing holograms anywhere on the eraimble Btorage medium. I 1 or 
the readout, Ions, distortion shift of the image is less than one third the diameter of a 
page eompoBor olmnont. 


The aberrations of two -element cemented lenses are too severe to fulfill these requirements. 

A commercially available H-element 174-mm, f/1.4 flying spot scanner lens gives adequate image 
quality, but cannot provide illumination of the entire external aperture as required. The lenses used 
in the system were custom denned and fabricated by Tropel, Inc. The barrel is 120 mm In Uiam- 
eter by 167 mm long; it contains six elements having an effective focal length of 230 mm, giving 
f/3.1 at infinity. Image blur diameter is less than 0.06 mm and distortion is less than 0.025 mm. 
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V, LIQUID CRYHTAL PAUL COMPOHKK 


Thn transmissive liquid crystal pa go composer (LCPC) used in this system contains S3,0«1H < ir- 
(>ulur elements arranged in n quasi -octagonal pattern, The elements arc 0.970 mm in diameter and are 
spaced on 1.00 -mm centers, Tho bits are push-pull in nature with one pair of olemontn representing a 
single bit for reasons that are detailed in the description of thn detection system. The two elements 
of a hit operate in complementary fashion with one element energized with an ne voltage and the other 
unenergized. With no voltage across it, the nematic liquid crystal is transparent and light is transmitted 
unimpeded. A voltage across the liquid crystal material causes it to become turbulent so that light 
passing through it is scattered strongly with little light reaching the selected storing page to be recorded. 
In the differential mode of operation, the “1” and “0” are determined by which one of the two ele- 
ments of a bit is energized. 

The LCPC is partially controlled in the sense that only 10 of the hits are electrically alterable 
while 1014 bits are fixed bits with half the elements scattering and the other half clear in an unchang- 
ing pattern. The page composer is fully populated, however, because it contains 2,048 elements of 
which 1,024 bright spots always get recorded in and played out from a hologram. The 10 alterable 
bits have been located around the periphery of the pattern and at its center so that results are repre- 
sentative for bits located anywhere in the LCPC. Nearest neighboring hits have also been included so 
that interaction effects between bits could be studied. 

A cross-sectional view of the LCPC is shown in Pig. 12. Two glass plates with transparent elec- 
trically conductive coatings sandwich the nematic liquid crystal material between them at a separation 
of 0.0127 mm as determined by Mylar spacers. The conductive coating on glass 2 is etched to form 
the pattern shown in Fig. 13 to which voltage can be applied to energize half of the fixed elements and 
the 10 selected alterable elements. The pads for wire connections to the drive electronics are also 
visible. The transparent conductive layer on glass 1 is not etched but is left intact to serve as a ground 
plane or counterelectrode for the electrodes of glass 2. In addition, an opaque layer of aluminum is 
deposited on the transparent conductive layer of glass 1 to form the pattern shown in Fig. 14 which 
defines all of the 2,048 elements of the LCPC by masking the regions between the outside of the cir- 
cular elements. This pattern is then registered precisely with the pattern of Fig. 1 3 on glass 2 when the 
sandwich is put together. The task of aligning the LCPC in the optical memory system is significantly 
eased and simplified because of this built-in mask. 

A page composer was assembled with plates as described above and was hermetically sealer! and 
mounted on a holder with micrometer position controls. When the LCPC was electronically activated 
and tested in a simulated optical memory system using helium-neon laser light, contrast of better 
than 50:1 was measured at a detector for the clear state vs. the scattering state of a liquid crystal 
element. Birefringent effects in the liquid crystal material were also measured and were found to re- 
duce the usable light at the corners of the LCPC by about 25%. After these tests, the LCPC was 
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Figure 12. A cross-sectional view of the liquid crystal page composer. 

incorporated into the read-write optical memory system and has operated successfully with all the 
other components of the system. See Fig. 15. 

The lifetime of a liquid crystal cell is strongly dependent on the method used to seal it which 
determines the contamination level in the cell. One cell, which was filled first and then sealed with a 
silicone rubber epoxy, started showing signs of deterioration after about one month. We suspect that 
uncured epoxy in direct contact with the liquid crystal material was responsible. Degradation occurs 
in the form of apparent misalignment of material such that scattering centers producing a frosted or 
cloudy appearance can be seen at some locations with the material in its clear unenergized L ate. 

This, in turn, decreases the obtainable contrast ratio. A better fabrication technique was developed 
in which the seal with the epoxy was made first except for one small port for entry of the liquid 
crystal and one for exit. The cell was then filled after allowing time for the epoxy to cure to a more 
inert state. A cell made this way operated well for one year before some tiny spots of contamination 
appeared. There are other difficulties associated with the fabrication of large-area cells such as en- 
trapped air bubbles, misaligned regions of nematic material, surface contamination in the sandwich- 
ing plates, short-circuits between electrodes and the ground plane, etc. RCA at Somerville, N.J., has 
developed techniques for making large cells — some as big as 20 cm X 20 cm involving a glass frit 
seal and a cot. trolled pressure-vacuum filling stution. Cells made there have operated for several 
years with no contamination difficulties. However, the specific production conditions must be tail- 
ored to the? particular cell involved so that numerous trial runs might be necessary to establish the 
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Figure 13. The transparent conductive electrode pattern on glass 2. 



Figure I I. The opaque aluminum pattern formed on glass 1. 
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Figure 15. Thu 1021-bit liquid crystal page composer mounted on its holder and 
activated to produce a typical pattern of scattering. 


proper values for all of the system variables. Since we needed only a lew cells, we felt that it would 
be more expeditious to work with the group doing research on liquid crystals at lU'A Laboratories, 
even though the available facilities and experience with large cells were not. equivalent to those at 
Somerville. 
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VI. KHAHAIIM'J HTOHACK MKUil I.M 


Tin* rnquinimoiHii for Mu* storage piano In the prototype rend-writo holographic mommy wore; 
Resolution In exeess of 1400 lines/mm 
Sensitivity In IMHO A ( 490 urn) radiation 
Transmissive readout. 

Tol.nl nl /<* greutor Hum 7,1. cm 
Page size 1 mm 
Write* energy I mJ or less 
Head offieioncy 1% or greuter 

To satisfy those requirements it was decided that a Ihermoplustic-photoconductor sandwich 
would be used for the storage plane. The thermoplastic material used wus Staybelite ester 10 (Hereu- 
ies Powder Corp., Wilmington, Delaware) and the photoeonduetor used wus poly-n-vinyl ourbuzole 
doped with 2,4,7 trinitro fleurenone (Polyseiences Corp., Warrington, Pennsylvania). 

In the following, we will describe material preparation, storage plane fabrication, and the oper- 
ating parameters of the storage plane. Some interesting techniques that allow operation on a large 
storage plane will also be covered, 

A. Materials 

1. Photoconductor . — The photoconductor used in all experiments was poly-n-vinyl carbazole (PVK) 
doped with 2,4,7 trinitro 9-fleurenone (TNF). These were mixed in the ratio 5 gm of PVK to 1 gm 
TNF and then diluted in 100 ml of 1,1,2 trichlorethane. In early experiments the solvent used was 
an equal mixture of p-dioxane and dichloromcthane, but this had the disadvantage of too rapid evap- 
oration of the solvent which led to problems of repeatability and to problems of film formation in 
humid atmospheres. The sensitivity of this photoconductor will be discussed later. 

2. Thermoplastic . — The thermoplastic used in most of the experiments was Staybelite ester 10, a 
derivative of a natural tree resin. Various solvents were used, but the preferred solvent was hexane. 
The Staybelite ester 10 was diluted in the hexane in the ratio 20 gm of Staybelite to 100 ml hexune. 

3. Substrate . The substrate used was lnO-coated gluss (Nesatron, Pittsburgh Plate Glass Co.), with 
electrical conductivity in the range 50 to 100 ohms per square. The InO coating wus etched into the 
desired pattern using a dilute hydrochloric solution. The active areas of the partially populated 
storage medium were 1 mm" squares distributed as shown in Fig. 16. The total pattern of the sub- 
strate, including evaporated gold lines used to bring power to the active areas, is shown in Fig. 17. 
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B. Sample Fabrication 


The technique used for sample fabrication was dip-coating, with the photoconductive layer ap- 
plied first and the thermoplastic layer applied next. 

The technique of dip-coating involves the careful withdrawal of a substrate from a solution of 
tin* material to be coated. To obtain smooth films, care must be taken to avoid changes in withdrawal 
speed and to avoid mechanical vibrations. The thickness of the deposited film can be controlled either 
by varying the speed of withdrawal or by changing the viscosity of the solution; in most experiments 
the first method was used. 

The apparatus used is shown in Fig. 18. To achieve constant speed a synchronous motor was 
used, and a large flywheel was put on the drive shaft. To avoid slippage a toothed belt and pulley 
were used. To avoid disturbance caused by air motion a tall tank was used to hold the solution. 

The speed of withdrawal, and hence the thickness of the deposited layer, was varied by the use 
of different-diameter pulleys. The uniformity of the deposited film was fair; variations in thickness 
of the order of several hundred angstroms were observed. 

As mentioned above, the photoconductor was deposited first. The plate was allowed to dry for 
several minutes and was then submerged in the thermoplastic solution. (If necessary, the pulley was 
changed while the plate was drying.) After the thermoplastic layer was deposited the plate was 
placed in an oven at 60° C for one hour. 

C. Recording on Thermoplastic Media 

The basic principles of storage have been discussed in the literature (refs. 1—3), and in Volume 
II of this report. The operation involves the sequential processes of charging, exposing, recharging, 
and heating. Erasure is accomplished by reheating the film. 

To ensure repeatable results and to avoid catastrophic electrical breakdown of the thin thermo- 
plastic film, the voltage on the film (due to the corona charging) must be precisely controlleu. This 
control is complicated by the need for random selection of storage locations over a large storage 
plane for a number of reasons. The fact is that it is hard to uniformly corona-charge an area as large 
as that shown in Fig. 16 (7.6 cm X 7.6 cm). The second reason is that because of random selection, 
one location may be repeatedly selected (and therefore charged and heated) but another location on 
the same plane may be only charged. If not controlled, the voltage on the unsclected location will 
rise to the breakdown voltage of the film and cause damage. A third reason is that corona-charging 
is affected by atmospheric conditions such as humidity and temperature. The variation in these con- 
ditions normally encountered will lead to changes in the voltage on the thermoplastic. 

The first of these problems, corona-charging a large area, was solved by using the corona applica- 
tors shown in Fig. 19. It consists of fine (60 to 76 pm diameter) wires held in a “serpentine” pattern 
by a plastic frame over the storage plane. The distance from the wires to the plane, and between each 
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wirt>, i« approximately 1 cm. The wires are fine enough, and far enough away from the storage plane, 
so they do not intereept an appreciable part of the light, 

This arrangement dot's charge the entire storugo plane. II is not uniform, however, since the edge 
or external wires emit more charge than the inner wires, (The cause can he attributed to wiru-to-wiro 
capacitance effects, ) 

To solve the problem of nonuniform charging, and the more important problem of precise volt- 
age control, a grid (apertured metal plate) was placed over the storage plane. The grid used for the 
prototype system, with apertures at the active locations of the storage medium, is shown m Fig. 20. 

For a fully populated storage plane the grid would take the form of a mesh. In use, the* apertured 
plate is placed against the storage plane | separated only by a thin insulating film (25 pi thick) to 
prevent short-eireuits|, and voltage, equal to the u .'sired voltage on the thermoplastic film, is applied 
to it. This prevents the voltage on the thermoplastic caused by corona-charging from rising above the 
voltage on the apertured plate. The reason is that if the voltage at the thermoplastic were to rise 
above the grid voltage, tire ions of the corona carrying the charge would be deflected to the grid. We 
found that, with the use of the grid, tb uximum voltage on the thermoplastic was substantially in- 
dependent of charging time and of voltage on the corona applicator. The use of the grid allowed 
highly repeatable results. The complete system, with all elements in place, is shown in Fig. 21. 

Two of the more important characteristics of the thermoplastic storage media are its sensitivity 
(that is, efficiency as a function of exposure) and its spatial frequency characteristics (that is, efficien- 
cy as a function of the angle between object and reference beams). 

Figure 22 is a typical plot of the efficiency of the reconstruction as a function of the exposure. 

In this particular experiment the photoconductor thickness was 1.5 pm, the thermoplastic thickness 
was 0.5 pm, and the grid voltage was 200 V. The beam ratio used in this experiment was 1:1. 

Besides the gratifying result that the thermoplastic medium is quite sensitive (of the order of 
649F photographic film), there is the interesting result that the efficiency remains constant even for 
relatively high exposures. Further study of this aspect of thermoplastic recording shows that this 
feature is a consequence of using a 1 : 1 beam ratio in the experiment. 

The reconstruction efficiency is not a monotonic function of the recording esposure. In the 
following analysis we derive the variation of efficiency versus exposure. We use a lumped-eireuit 
model, consisting of a capacitor shunted by a resistor, to describe the photoconductor, and we make 
the assumption that the effect of light on the photoconductor is to vary the value of the shunt resistor. 
Although this model is admittedly somewhat naive, its virtue is that it predicts the experimental re- 
sults quite accurately. 

In this analysis we confine our attention to the voltage across the photoconductor; this voltage 
determines the ultimate forces acting on the thermoplastic. 
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Figure 20. Metal grid used for voltage control of thermoplastic surface. 






efficiency 



Figure 22. Measured hologram efficiency versus exposure; unity beam ratio. 

Using the lumped-circuit model, the relationship for the voltage across the photoconductor is 

C$Z +GV - 0 (3 ° 

dt 


assume that the intensity is written as 

(31) 


I = I, 


/ 27ix\ 
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we have 





+ KI,,{ 1 + m cos 



V = 0 


(32) 


where K is a proportionality 
d is the spatial wavelength, 
solution to this equation is 


factor (the sensitivity of the photoconductor), m is the modulation ratio, 
and x is a dimension on the surface of the photoconductor. The 


V (x, t) « V c exp 



r) *’ 


(33) 
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The thermoplastic behaves like an incompressible fluid, which implies that, its motion is not 
dependent on the absolute forces applied, but rather on the spatial variation, or difference, of the 
applied force. From the previous relationship we note that the maximum voltage (related to the 
maximum force) is 


V <-.• V n oxp| -KI 0 ( 1 + m)tj (34) 

and the minimum voltage is 

V = V G expf-KI 0 (l - m)t] (35) 

The difference is 

~KI t 

AV a V Q e ° sinh KI Q m t (36) 

If we now let l Q t be the total exposure E Q , we may write 

KE 

AV = V Q e’ ° sinh KE Q (37) 

In Figure 23 we plot aV versus E Q , with beam ratio as a parameter. Since the ultimate behavior of 
the thermoplastic is dependent on aV, it is evident that the efficiency of the reconstructed image 
will not be a monotonic function of the exposure. 



Figure 23. Calculated relative hologram efficiency as a function of beam ratio. 
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In the prototype system bourn rutios of the order of 1 0: 1 were used , A plot of the efficiency 
versus exposure for u hologram made with a 10:1 beam ratio is shown in Fig, 24. 



Figure 24. Measured hologram efficiency at 10:1 beam ratio. 

One of the most troublesome features of thermoplastic storage is the bandpass nature of the 
spatial frequency response. The maximum response is centered at a spatial frequency given by l/2h, 
where h is the thermoplastic thickness, and the response falls off rather quickly toward high and low 
spatial frequencies. Figure 26 shows, in the narrow region about the center of the band, the spatial 
frequency response. Figure 26 shows the response for a film 490 nm thick, which should have had a 
center frequency of 1000 lines/mm (corresponding to an angle of 30° between reference and object 
beam), while Fig. 27 shows the response for a film 340 nm thick. The dotted line in both graphs 
shows the angular extent of the object used in the prototype system, and we can see that the band- 
pass response leads to shading in the reconstruction. While this is not a disastrous result, it does lead 
to difficulties in readout. The more important result is that the actual center of the response curve 
did not occur at the spatial frequency predicted by thickness measurements made on the film. 

These thickness measurements were made by interferometry, but at a location on the storage 
plane somewhat remote from the storage locations used for the experiment. The reasons for the 
discrepancy, between the predicted and actual center frequency, are either an error in thickness 
measurement, variations in the thermoplastic thickness over the surface of the storage plate, or a 
failure in the theory that predicts the center frequency. Of these, the first is the least likely, for 
these measurements were carefully repeated many times. 


\ 
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Regardless of the cause, the results point out that it is difficult to fabricate a storage plate with 
predetermined performance characteristics. 

An experiment was performed to find a means for thermoplastic holographic storage that would 
have a response independent of the exact thickness of the thermoplastic thickness. In this experiment 
holograms were made with the angle between object and reference beam at 45° (corresponding to 
1440 lines/mm) on a storage plane with a thermoplastic thickness of 490 nm (which should result in 
a center frequency of about 1000 lines/mm). The thickness of the photoconductor was 1.6 gm and 
the voltage on the grid was 250 V. The object was the page composer used in the prototype system. 
The key step in the experiment was to sequentially store holograms at ever-increasing exposure and to 
monitor the reconstruction. That is, the complete process of erase-charge-expose-charge-read was re- 
peated a number of times, with increasing exposures for each trial. The results of the experiment are 
shown in Pig. 28. The first reconstruction is expected — only the low-frequency portion of the image 
is visible. Then, as the exposure is increased we first see the low frequency portion of the image be- 
come brighter (all photographs made with the same exposure) and then, the first surprising result 
the high-frequency portion of the image becomes visible, and a dark band separates the two positions. 
As the exposure is increased further the dark band is observed to sweep across the image, toward 
lower frequencies. Finally, at an exposure of about 800 m J, the dark band has left the image. The ef- 
feet of increasing the exposure even further appears only to brighten the image. 

This experiment was repeated with storage planes of thermoplastic thicknesses thut varied from 
190 nm to 200 nm with substantially the same results. 
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•(’In* mi | pI’IVi'I iif this is t hat, with tint* approach, the exact IhieknosK of the Ihcrmoplasiie in n| 
nn consequence a result Hint enormously I’i’iliin'h tin* complexily of sample fabrication. 'I ho reason 
for thin phenomenon in mil completely understood; however, ii appears that at dm high exposures 
UH( i ( | Mu. photoi'omiiu'lor ln*i-omiMi saturated (or effectively perfeetly conductive) while dm thermo- 
plant ie itself becomes pliotoeomliietive, 

The disadvantage of thin teehnl(|Ue in that it re.piireii much higher exposures than normally used; 
fortunately, the prototype nyntem had been designed for just. the exposure levels needed for thin 
method, 


The final important, characteristic of t he thermoplastic storage medium in its fatigue tiehavior, 
While there are some ihermopIttstieH that exhibit little or no fatigue *• notably mieroeryntalliue was - 
Staybelite in not among them. The upper limit in the number of cycles that could he uaed before dm 
signal-tom oise ratio of the reconstructed image became Intolerable was of the order of 500, The tail- 
urc was marked by the appearance of many pits and other permanent surface deformations. This wm 


possibly caused by the lack uf adequate cleanliness in the materials used, with the resulting impurities 
initiating the observed defects. A further cause ot failure was an apparent, increase in the solienmg 
temperature following prolonged operation, which was undoubtedly caused by oxidation of the 


thermoplastic. 


Since the purpose of these experiments was the demonstration of the feasibility of holographic 
storage, and since it is apparent that thermoplastic materials are being developed with little or no 
fatigue, this aspect of the storage characteristics of Staybelite was of little practical concern. 


There wus one aspect, however, that was of concern. It was found that if a pattern was recorded 
and then retained for long periods - longer than 24 hours - it was difficult to erase. In particular, il 
was found that when this pattern was apparently erased and a second pattern recorded at the same 
location the first pattern reappeared. The first pattern was dimmer than the second, hut still presented 
a potentially troublesome signal. It was found that this could ho prevented either by not retaining a 
pattern for longer than 12 hours or by erasing the pattern and not using that location for at least 2 I 
hours. Neither method is ultimately acceptable. The reason for this effect appears to he either due to 
cold flow in the plastic or to charge-trapping in the plastic. This is a potentially very serious problem 
and should be studied further if thermoplastic storage is seriously considered for holographic storage. 

It is not known whether this problem exists in other thermoplastic materials. 
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VU, PHOTODETKCTOK AHHAY 


An iirrny of MO 1'IN photodiodes wmi used to doted tho ton active hits in it pnrliiilly populated 
optiml memory. Two diodon wore unod for onoh *>it to indionto "l” or Hinoo both diodes food 
n dil'foronfiiiMnptit preamplifier, common mode light and electrical noise arc attenuated, 

•|'he o(|ulvalont input uoiiio cinronf to ouoli of the ton preamplifiers in alinut HI * * A rnin. Tliln 
l,i ith, nit h x Itr 11 W avc. of Unlit power striking each photodiode (convention ratio ofliA/Wl. While 
the fro(|Uoney liandwidUi of each tuned preamplifier in 2 lUlz, the overall bandwidth ol the sense sys= 
loin, including nynchronoun detection mid strolling, in aliout 1 Ml) I lx, A redesign ol the detect ion tiy i>> 
loin could reduce the equivalent input noine current from Itr* * A nun to probably M 10 * lJ A rum. 
At auv rate, the photodeteetorH and the associated electronicn can reliably delect an optical ailtnal level 
uf about 10“ 10 W avo. in about 3-mseo time. However, (U) msec are required in actual operation with 
the optical memory lie can so of nonuniform 1 in lit levels cminuling irom the 20 stored spots in the stor- 
age medium and variations in pain among the amplifiers. 

Tin* fen active bits in the purliully populated memory were arranged in five locations of two bits 
each with two photodeteetorH assigned to eaeh bit. The five locations are separated about 32 mm from 
ouch other, which provides sufficient space for mounting the five dusters of four diodes eueh. The 
four PIN photodiodes of each cluster are a four-element photodiode chip. Eueh element is 1.3 mm 
square wHh a 0.13-mm separation. The chip is sealed in a TO-B can with five leads extending from the 
base. The diameter of the light beam striking each diode is 0.97 mm, and the spacing between each of 
the four beams is 1.3 mm. The beam locations and diode geometry are compatible. 

Alignment of the five dusters was made visually, using a jig bore machine and a microscope 
damped in the drill chuck. The five clusters were easily positioned relative to one another within 0.02 
mm, and each is clamped in place on the support jig, as shown in Fig. 29. 

The diode array is manufactured by United Detector Technology of Santa Monica, California, 
and is known as PIN-Spot/4. 
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Figure 29. Assembled and mounted photodeteelor array. 
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VfH. CONTUOI.I-.KH ELECTRONICS 


The electronics required to operate the holographic' optical memory must control five 
functions: 

Rage Composition hits stored temporarily in page composer for later transfer to storage 

medium. 

Page Selection deflection of laser beam to desired location on storage medium. 

Write — transfer of page composer hits to storage medium. 

Head — transfer of stored bits from page to photodeteeiors and light display. 

Erase — removal from storage medium of previously written information in any given page or 

pages. 

An overall block diagram is shown in Fig. 30. The energizing and control units for the laser de- 
flector, the page composer, the storage medium, and the photodetector array are each housed on sepa- 
rate chassis with separate front panels. Each unit can function under internal control, independently 

















of the other three, for adjuiitmontH and Uml.fi of the memory system eomponentfi. For operation of 
the antin' memory Hystom, the four unitH function under external control signals from a control 
confiolc, which initinte» the appropriate Hoquoncc of operatlonH. 

A, baser Deflector 

Thifi chassis provides tho address logic pulses which are used by the acoustic cell drivers. The 
drivers generate appropriate frequencies for deflecting the laser beam to the desired page position on 
the storage medium. Figure 31 shows the front panel. The address pulses are 3 msec wide and occur 
at 30-msec intervals, resulting in a 10% duty cycle. An additional 100-kHz modulation is supplied to 
the y-deflector during reading as a carrier for the detector amplifiers. The number of 3-msec pulses 
used for reading or writing are set by front panel controls to match the sensitivity and efficiency of 
the storage medium. A page address is programmed by setting x- and y-positions on panel switches. 

B. Page Composer 

A block diagram of the page composer control electronics is shown in Fig. 32. It is composed 
of an array of ten pushbutton switches which drive 10 flip-flops These, in turn, control the states of 
the ten liquid crystal pairs of the page composer. Provisions to have all locations either clear or scat- 
tering are made. The states of the flip-flops and the liquid crystal pairs are indicated by ten pairs of 
lamps. A lighted bulb represents the clear element of the liquid crystal pair which would produce a 
spot of light on the photodetector during a subsequent read cycle. Provisions are made to electronical- 
ly compose a page through the set/clear inputs of the flip-flop. The front panel is shown in Fig. 31. 

The circuitry associated with the one-bit-position liquid crystal pair is shown in Fig. 33. To change 
a bit from the value indicated by the lamp to its complement (say from “0” to “1”), the switch is 
momentarily pushed. This clears and then sets a buffer flip-flop to eliminate contact bounce. The 
buffer then complements the data flip-flop. As previously mentioned, data can also be entered through 
the set/clear inputs of the data flip-flop. The data flip-flop’s output is buffered to the discrete com- 
ponent lamp drivers and to the liquid crystal drive switches. These are mercury-wetted reed switches 
whose drive requirements are compatible with TTL levels and operate in several msec. The liquid 
crystals are driven through 100-kD resistors to each element. Switching is accomplished by the reed 
switch short-circuiting either element of a bit pair to a bus which returns to oscillator common. 

The liquid crystal elements are energized by the Wien bridge oscillator/amplifier circuit shown 
in Fig. 34. Degenerative feedback is produced at all frequencies except that for which the bridge is 
balanced. The bridge balance and frequency of operation are determined by the ganged pot. The three 
light bulbs act to stabilize the output amplitude. The oscillator is followed by a power amplifier com- 
posed of an operational amplifier with a discrete component output stage driving step-up transformers. 
Feedback from the primary serves to establish the amplitude and preserve the waveshape. Amplitude 
control is obtained by changing the feedback. The oscillator/amplifier produces a sinusoidal waveform 
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Figure 31. Front panels of the laser deflector and page composer control units. 












20 TO 200 Hz 



1-70 V T0 

™ — ^-CONTROL 
CIRCUIT 


UTC 

A2C 


Figure 34. Drive circuit for liquid crystal excitation. 

at the transformer secondary with amplitude control from 1 V rms to 70 V rms. The frequency is 
adjustable from 20 Hz to 200 Hz, with observable distortion present only at the lower frequencies, 

20 Hz to 25 Hz, and at the higher voltages, 60 V to 70 V. 

C. Storage Medium 

Generation of the timing pulses which control the storage medium during writing (heat, corona, 
and also the Poekel cell polarization switch) is accomplished within one unit. Page heater selection and 
pulsing is performed within the main chassis, Fig. 35. High-voltage power supplies for the corona dis- 
charge and the polarization switch are separate (Fig. 36). A block diagram of the unit is given in Fig. 

37, along with two alternative timing sequences for a write cycle in Fig. 38. Sequence A is used to 
write a hologram while the thermoplastic is fluid following an erase pulse of heat. In sequence B, the 
hologram is first erased. After cooling, the photoconductor-thermoplastic sandwich is sequentially 
charged, exposed, and recharged. A final heat pulse completes the recording sequence. 

A write cycle is initiated (a) internally, by depressing the START button, or (b) externally, by 
the receipt of a ground signal from the external control console. Either event is stored within the control 
logic block of Fig. 37. This circuitry disables all the input gates and enables the output gates of the 
pulse circuits. Also, the state of the mode and sequence switches is locked in. These actions reduce 
the possibility of spurious signals operating the high-voltage circuits and, in turn, reduce the shock 
hazard. Upon completion of a cycle, the control logic is reset and a new command can be accepted. 

The signals generated by the pulse circuits are: 

( 1 ) The page composer command enables the page composer control unit for the duration 

of the write cycle. 

(2) The polarization command activates the pov. .r supply driving the polarization switch. 

Heat pulses for erasing and writing have widths adjustable from 0.1 to 15 msec. 


(3) 



[T 


Figure 35. Storage medium control unit. 
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Figure 38. Timing sequences for a write cycle. 

(4) Corona command durations are adjustable from 0.6 to 6 sec. 

(6) The deflector command is a 1-msec pulse which starts the laser deflector control unit. 

A page heater is addressed by one x- and one y-address switch. This results in the selection of 
one of the 48 heater drivers (Fig. 39) under control of the erase and write pulses. Connection is made 
to the memory plane with a 60-wire cable (48 pages, ground, power supply). The presence of write 
current is sensed and amplified. Currents larger than 10 mA light the HEAT POWER indicator. The 
peak value of the write current pulse is stored and is available at a back panel jack. 

D. Detection System 

During read, the image is detected by PIN photodiodes. The resulting electrical signals from each 
bit are then amplified, demodulated, integrated, and stored in parallel. The appropriate lamps on the 
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Figure 39. Driver circuit for « page heater. 

front panel (see Fig. 40) are illuminated to indicate the detected information. Figure 41 shows the 
photodeteetor array and the preamplifiers. 

A functional diagram of the detection system appears in Fig. 42. Tire light striking each diode is 
about 10“ 10 W peak, producing a current of 2 X 10" 11 A peak. With an input impedance to the pre- 
amplifier of 6 x 10® St, a signal voltage consisting of 3-msec pulses of 10 pV/pk amplitude is produced. 
The equivalent input noise voltage for the preamplifier is about 1 p V rms and its bandwidth is 2 kHz 
centered at the carrier frequency of 100 kHz. The voltage gain is X 5000. 

Each stored bit consists of two spots, one illuminated and one opaque. The storage of "1” and 
"0” depends upon which spot is illuminated. Since two photodetectors connected differentially de- 
tect the light from these two spots, common mode illumination and electrical noise are attenuated. 

The 100-kHz sense signal leaves the preamplifier at a level of about 0.05 V peak and a relative phase 
angle of 0° or 180° depending upon whether the information is “1” or “0”. It is further amplified 
and fed to a balanced demodulator which synchronously demodulates the 100-kHz signal into 3-msec 
pulses whose polarity is determined by the phase of the 100-kHz carrier relative to the local 100-kHz 
o!*Hi!afcor, 

This demodulated signal is then integrated, with each 3-msec pulse increasing the output of the 
integrator while the incoherent noise is attenuated relative to the signal. The number of pulses to be 
integrated is selected by the “strobe delay” control, in effect increasing the sensitivity of the detec- 
tion system but also increasing the time required for detection. The demodulated and integrated 
signal is now applied to the appropriate latch and indicator lamp for display as “1” or “0”. 'lhe 
timing pulses for the read mode are illustrated in Fig. 43. 
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Figure 40. Front panels of the detection system unit and the control console unit. 
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Figure 42. Detection system diagram, 
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Figure 43. Timing sequence for reading. 

E, Control Console 

The control console, shown in Fig. 40, can be used to initiate the complete writing or reading 
sequence of the memory system. This chassis contains two pushbutton switches, one for reading and 
one for writing. Logie circuitry is present to prevent errors if either button is depressed before a 
cycle* has been completed. Two monostable multivibrators generate control pulses whose widths are 
set to equal the duration of one complete read or write cycle. 
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IX. MEMORY HYHTEM OPERATION 


Hel'ore the final at.nomlily of ( lie memory system, each of th«> major components was thoroughly 
Insled alone and thou in eonjunelion with others. The assembly procedure consisted of a step-by- 
nlep addition of each operating component, Completely successful operation of the memory system 
wan nehieved in aeeot'danee with the design objectives. Holograms were recorded and read out with- 
uut error from all 48 active hologram loeationn, with no mechanical adjustments. The operating cycle 
with JlOO-mW Inner output wan; 2-see corona charging time, 200 msec effective writing exposure dune 
lion, and .‘10-msec effective reading duration. Effective durations are llatetl heeaniie the temporal duty 
ration of t he Inner heum are 0,1 for writing and 0.00 for reading, 


We may extrapolate from the rcHulttt of the partially populated system to conclude 1 that a fully 
populated memory system of identical design would operate successfully. Replacement would be re- 
quired only of the preHcnt aberrated deflector cells with ones displaying the full 40-spot Rayleigh 
result" "'ii specified in the design. 

The memory system is assembled on the surface of a 1.3-m by 4-m table that is vibration- 
isolated. Figure 44 shows a top view of the overall system with the approximate location of the com- 
ponents. The Frontispiece of this report is a photograph of the memory system with tho photodetec- 
tor array in the foreground, and the deflector system in the far background. The majority of the 
components are mounted on stages having precision adjustments, since tolerances are fractions of a 
milliradiun for angles, and fractions of a millimeter for linear position. Vibration isolation supports 
arc used between the table top and the argon laser head, which carries circulating cooling water. The 
strongest noise signals in the readout of an addressed hologram are contributed by spillover illumina- 
tion from the reference beam hitting neighboring holograms, as expected from considerations discussed 
in the final design. When there is no hologram in the addressed location, partial readout of the in- 
formation from the neighbors is detected. When a hologram is present at the addressed location, how- 
ever, adequate rejection of the noise signals is obtained with the differential detection system. 

As might be expected in a prototype system of this complexity, a number of engineering prob- 
lems were encountered. Some of these have been alluded to in previous sections of this report; these 
discuss the trade-off considerations in the final design and the development of the various components. 
It was not practical, within the scope of this program, to ensure that the optimum performance wus 
obtained in each component after the final assembly. Aberrations in the deflector cells, and lifetime 
problems with the luser, the dichromated gelatin hololens, the liquid crystal page composer, and the 
thermoplastic storage medium wore all present. These factors represent the kinds of engineering de- 
tails this program wus intended to uncover, and to which increasing attention must be paid in programs 
to develop lurger systems. The results of the present program demonstrate that these problems can be 
successfully attacked, and that the approach to high-capacity holographic storugo systems which we 
have developed is soundly based. 
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Figure 44. Approximate layout of optical memory system. 
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X. CONCLUSIONS 


Tht> following major conclusions are drawn from this program to devdop a working prototype 
holographic read-write memory: 

1. Practical design criteria have been established upon which to estimate the performance of 
a given configuration of components. 

2. A working prototype system has been designed, constructed, and demonstrated. 

3. For a given capacity and performance level, the trade-offs among component sizes can 
be quantitatively estimated. Criteria are proposed for optimizing the storage capacity, 
but have not been tested in a complete prototype system. 

4. Future programs to develop larger-capacity memory systems must give increasing emphasis 
to engineering details such as tolerances, costs, and the practical performance limitations 
of the components. 
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